Purpose The objective of this study was to investigate thoracic myelopathy caused by ossification of the yellow ligament (OYL) in patients with posterior instrumented lumbar fusion. Methods Seven patients, who had undergone posterior instrumented lumbar fusion, presented with thoracic myelopathy caused by OYL. No patient had a history of thoracic myelopathy at previous surgery. Instrumented fusions were performed from L1-5 in two patients, L2-5 in three patients and L1-S1 and L2-S1 in one patient each, respectively. MRI and CT scans were performed to confirm cord compression by OYL. Of the seven patients, six patients underwent decompressive laminectomy and OYL removal while one was treated conservatively. Results The average time to presentation after first surgery was 63.4 months. OYL was located at T9-10 in two patients, T11-12 in three patients, and T10-11 and T9-11 in one patient each, respectively. All patients had a myelopathic gait and the average Japanese Orthopaedic Association (JOA) score was 3.9, preoperatively. The average JOA score improved from 3.7 to 8 and the average recovery rate was 58.9 % in the six patients who underwent surgical intervention. However, the JOA score fell from 5 to 4 in the one patient who was treated conservatively.
Introduction
Convincing biomechanical and clinical data indicates that posterior instrumented spinal fusion creates a significant compensatory increase in motion at adjacent mobile segments by increasing stiffness at the fused segment [1] [2] [3] [4] [5] . Furthermore, these adjacent levels are thought to be subjected to higher loads during normal activities, because motions normally distributed over many levels must occur at fewer levels [1, 6] . The development of adjacent segment disease (ASD) after posterior instrumented lumbar fusion is a controversial issue. Some investigators have argued that radiographic changes ascribed to ASD are nothing more than normal age related changes [7, 8] . However, the incidence of ASD has been reported to range from 5.2 to 49 % [1] .
To the author's knowledge, no reports have been issued regarding ossification of the yellow ligament (OYL) development at adjacent segments after long instrumented lumbar fusion. Even though the pathogenesis of OYL is unclear, it would appear that mechanical stress is a main contributor. OYL might develop or further aggravate existing OYL as a result of the effect of localized mechanical stress on the yellow ligament [9] . However, no report has addressed thoracic myelopathy caused by OYL development at proximal segments after posterior instrumented lumbar fusion. Here we describe seven patients who experienced severe thoracic myelopathy associated with OYL after long posterior instrumented lumbar fusion.
Materials and methods
The study protocol was reviewed and approved by the Institutional Review Board of our facility. The study inclusion criteria were (1) thoracic myelopathy caused by OYL, (2) instrumented lumbar fusion, and (3) no history of thoracic myelopathy before instrumented lumbar fusion. Seven patients, three males and four females were enrolled in this study. Six of the seven patients were initially treated at our institution and one was referred post initial surgery. The mean patient age at the time of presentation with complaints of thoracic myelopathy and gait disturbance was 67.1 years (range 54-84). Previously treated levels and the average time laps between this presentation and the instrumented fusion for all seven patients was noted. Radiologic examinations included plain radiography, CT, and MRI in all patients prior to revision surgery. Two of the seven patients had existing MRIs and those images were used to determine whether OYL predated the previous instrumented lumbar fusion. Local kyphosis was measured and degenerative changes were confirmed at the involved segments. All seven patients underwent a neurologic examination and Japanese Orthopaedic Association (JOA) scoring.
Six patients underwent decompressive surgery with OYL removal at the involved segments. Among six patients undergone surgical intervention, instrumented fusions in two patients were extended (Fig. 1) . The remaining four patients underwent decompression without additional instrumented fusions (Fig. 2) . One of the seven patients rejected surgical intervention and was treated conservatively. The minimum follow-up after removal of OYL and laminectomy was 2 years (average 43.1 months, range 24-100 months). All patients were scored using the Japanese thoracic myelopathy system at every visit associated with their latest presentation ( Table 1) .
Results
Gait disturbance and sensory deficit of the lower extremity were the most frequent symptoms when patients first visited our institute. Three patients had previously undergone L2-5 instrumented fusions, L1-5 in two, L2-S1 in one, and L1-S1 in one. L1 was the most proximal end of the fused levels. Two patients were fused to S1. OYL with thoracic myelopathy developed on average at 63.4 months (range 30-100 months) after previous instrumented lumbar fusion. OYL was located at T11-12 in three patients, T9-10 in two, T10-11 in one, and T9-11 in one. Average symptom duration was 6.4 months (range 3-12 months). Mean local kyphosis at involved segments was 0.8°. All patients showed severe degenerative changes, which included severe facet arthritis combined with asymmetric rotation of facet joints in five patients. CT imaging showed a gas shadow in facet joints in two patients. Plain radiographs and MRI also showed severe degenerative changes at the involved segments. Unilateral OYL was present in two patients and bilateral OYL in five. The recovery scale was calculated using Hirabayshi's equation [10] . Recovery scale (%) = (Postop score-preop score)/[11(full score)-preop score] 9 100. Using this formula, postoperative conditions can be compared to preoperative conditions. Postoperatively, JOA scores improved to 8.0 (range 6-11) and the recovery rate averaged 58.9 % (range 50-100 %) at last follow-up examination in the six patients who underwent surgical intervention. Of these, one patient completely improved and had a JOA score of 11 after surgery. However, the patient treated conservatively deteriorated JOA score from 5 to 4 (Table 2 ). T2-weighted MRI showed a hyperintense signal in the spinal cord in three patients. Three patients exhibiting cord signal changes had JOA scores of 5, 3 and 3 (average 3.7), respectively, and improved to 8, 8 and 7, respectively (average 7.7 with 54.8 % recovery scale), after surgery. On the other hand, the three patients without signal changes on T2-weighted MRI had JOA scores of 6, 2, and 3 (average 3.7) and these improved to 11, 6, and 8 (average 8.3 with 63.0 % recovery scale), respectively, after surgery (Table 1) . Therefore, the last follow-up JOA scores probably depended on the severity of preoperative JOA scores, signal changes of the cord on T2-weighted MRI, and the method of treatment.
Complication
No patients experienced a deterioration of neurological symptoms after surgery. One patient (Case 3) underwent revision surgery at 7 months after surgical intervention due to incomplete removal of the OYL. Although in this case, symptoms did not deteriorate after surgery we decided on revision surgery, because CT showed incomplete OYL removal and the patient's JOA score was not improved. After revision surgery, the JOA score improved from 5 to 8 at final follow-up visit.
Discussion
Many clinical studies have been conducted on degeneration or disease adjacent to instrumented fusion segments. The length of fusion also plays an important role in the development of ASD or subsequent fractures as a longer lever arm produced by multi-segmental fusion causes more stress at adjacent segments [1, [11] [12] [13] . However, few reports have been released regarding OYL at proximal segments following long instrumented lumbar fusion. OYL is one of the causes of thoracic myelopathy reported, which has mainly been reported in Japanese patients, and it has been suggested that its pathogenesis might be correlated with mechanical stress concentration. Yoshida et al. [14] suggested that the yellow ligament is hypertrophied by mechanical stress and that the main constituent of hypertrophy is the proliferation of type 2 collagen at the enthesis. Kaneyama et al. [15] also suggested that repeated, localized rotator mechanical stress caused by a baseball pitching motion probably influences the development of OYL in their case reports of young baseball pitchers suffering from thoracic myelopathy. Recently, Chen et al. [16] reported that the local instability and repetitive stimulus of excessive stress could lead to development of OYL at the levels adjacent to the In the present study, all patients underwent long instrumented lumbar fusions and showed severe degenerative changes by CT or MRI at the segments in which OYL developed. These severe degenerative changes at involved segments were likely to be ASD, and therefore it might be assumed that stress concentration at proximal segments after posterior long instrumented lumbar fusions could lead to OYL or aggravate existing asymptomatic OYL.
OYL at lower thoracic levels is often asymptomatic. Aizawa et al. [17] reported that the symptoms of OYLinduced myelopathy mimic those of other lumbar disorders, which often results in misdiagnosis, because half of their patients first noticed lower-extremity tingling and numbness or pain. These symptoms can be the chief complaints among patients with lumbar disorders. In the present study, it is uncertain whether the first surgery for instrumented lumbar fusion was performed as a result of misdiagnosis, but all patients had no history of thoracic myelopathy before lumbar fusion. Preoperative thoracic radiographs were available for two of the seven patients, and neither showed OYL at the first surgery. Additionally after the first surgery, all patients enjoyed normal daily activities, resumed previous jobs, and never complained of gait disturbance. These observations suggest that myelopathy by OYL might have developed after instrumented fusion or that existing asymptomatic OYL had been aggravated. Several studies have reported that radiologic instability in adjacent segments develops at 25 months after instrumentation and symptomatic changes in adjacent segments at 27 months after fusion in 5.2-18.5 % of patients [1, 4, 5, 18, 19] . In the present study, the average time to symptom presentation from instrumented fusion was 63.4 months. As compared with a previous ASD study [4, 5] symptom onset appeared later in our patients. Therefore prolonged mechanical stress concentration at proximal segments after instrumented fusion could have caused OYL or aggravated asymptomatic OYL in our patients, even though OYL progresses slowly.
The most common level of symptomatic OYL is at the thoracolumbar junction, because of facet orientation and the thoracic to lumbar transitional zone. Additionally, thoracic spines from T2 to T10 have unique stability from the surrounding thoracic rib cages. Thoracic levels of T-11 and T-12 allow more rotation and less extension, but no motion exists at higher thoracic levels, which are fixed to the ribs [20] . Smith and Gordersky [21] reported that OYL most commonly occurred at T9-T12, because these segments appeared to be particularly prone to degeneration due to the high tensile force present in the posterior column. In the present study, OYL developed at T11-12 in three patients, T9-10 in two, T10-11 in one, and T9-11 in one. After instrumented fusion, compensatory mechanics can occur at adjacent segments resulting from stress concentration, changes in the contact sites of facet joints, and alterations in biomechanics [1, 3, 13] . In particular, fusion to L1 or L2 should be avoided during long lumbar fusion to prevent proximal adjacent failure at the thoracolumbar junction [22] . In all our cases, the most proximal fusion level was L1 and L2, and OYL developed at the thoracolumbar junction. However, this does not warrant the extension of lumbar fusion to above the thoracolumbar level to prevent OYL and ASD, but myelopathy caused by OYL after long instrumented lumbar fusion is a concern. Pascal-Mousselard et al. [9] reported that OYL occurred in 58 % of adult patients combined with kyphosis. However, in the present study, six of the seven patients showed no local kyphosis. The involvement of the dura by OYL makes safe removal difficult. Decompressive laminectomy or laminoplasty with excision of the OYL may still be the best available option of surgical treatment. Nishiura et al. [23] recommended early surgical intervention by partial laminectomy and foraminotomy, because the OYL is usually already quite large at time of detection in patients with motor weakness. Li et al. [24] postulated that posterior decompression combined with lateral fusion is the treatment of choice, because the pathogenesis of thoracic OYL is largely attributable to localized mechanical stress on the ligament.
In four of our cases, we performed decompressive laminectomy using a high-speed burr for decompression and en bloc excision of the OYL without additional instrumentation. This might not have been a reasonable surgical treatment in these patients if OYL had originated from mechanical stress after instrumented lumbar fusion. Extended instrumented fusions should have been conducted in patients in whom OYL development caused by stress concentration after long instrumented lumbar fusion was suspected to prevent further ASD and instability after laminectomy. However, only two patients underwent extended fusions. Had extended fusion been used, normal segments between OYL and upper-instrumented segments would have been sacrificed with removal of the previous instrumentation and it would have been an extensive revision surgery in the elderly. At the end of the study period, none of our patients who had undergone laminectomy alone had experienced a neurological deterioration or a worsening of JOA scores. Postoperative clinical outcomes are variable after removal of OYL.
Long-term follow-up studies indicate a poor prognosis [25, 26] , and recovery that varies from 25 to 100 % [16, 25, 27] . Early diagnosis and surgical decompression could be related to a favorable outcome [26, [28] [29] [30] . However, outcomes after surgery may depend on the involvement of the spinal cord, irreversible changes, and duration of symptoms [29] . Sanghvi et al. [31] reported that the predictors of postoperative recovery are preoperative symptom duration and intramedullary signal size. In the present study, all six patients who had undergone surgical decompression showed JOA score improvement and an average recovery rate of 58.9 %. However, three patients with cord signal changes on T2 images showed poorer outcomes as compared with the three patients without signal changes.
Several limitations in this study require consideration. Firstly, thoracic images including MR or CT were not obtained prior to the initial instrumented lumbar fusions due to lack of thoracic pathology and symptoms. Secondly, the sample size was too small, because of the low incidence of OYL after long instrumented lumbar fusion. Thirdly, the incidence of OYL following lumbar instrumentation versus its incidence in the general population could not be adequately evaluated due to the lack of available data in the existing body of knowledge, a proper comparison could not be made. Therefore, further investigation is crucially required to define the risk factors of OYL and to determine whether OYL is related to stress concentration due to long instrumented lumbar fusion. However, although the occurrence of OYL after long instrumented lumbar fusion is rare, it may develop as ASD or further aggravate existing OYL. Whether the existence of mechanical stress concentration at proximal segments after long instrumented lumbar fusion is related to OYL remains uncertain.
In conclusion, despite the limitations of this study we report seven patients who suffered from thoracic myelopathy after instrumented lumbar fusion. Surgeons must be aware of the possibility of thoracic myelopathy caused by OYL at the thoracolumbar junction, especially in patients with a complaint of gait disturbance after long instrumented lumbar fusion.
